The quantum efficiency of InGaN/GaN light-emitting diodes (LEDs) has been significantly limited by the insufficient hole injection, and this is caused by the inefficient p-type doping and the low hole mobility. The low hole mobility makes the holes less energetic, which hinders the hole injection into the multiple quantum wells (MQWs) especially when a p-type AlGaN electron blocking layer (EBL) is adopted. In this work, we report a hole accelerator to accelerate the holes so that the holes can obtain adequate kinetic energy, travel across the p-type EBL, and then enter the MQWs more efficiently and smoothly. In addition to the numerical study, the effectiveness of the hole accelerator is experimentally shown through achieving improved optical output power and reduced efficiency droop for the proposed InGaN/GaN LED. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4898588] As a promising lighting source, high-efficiency GaNbased light-emitting diodes (LEDs) have attracted extensive interest so far. 1, 2 However, the development of the GaNbased LEDs is still substantially hindered by the efficiency droop, a notorious phenomenon, due to which the quantum efficiency of LEDs is reduced as the injection current level is elevated. 3 Suggested mechanisms for the efficiency droop include Auger recombination, 4 strong electron overflow, 5 and low injection efficiency for holes. 6 To suppress the aforementioned mechanisms for the efficiency droop, several remedies have been proposed and demonstrated. It has been well established that Auger recombination can be suppressed by flattening the energy band of the quantum wells and reducing the local carrier density. 7, 8 Meanwhile, in order to reduce the electron leakage level, approaches such as the polarization matched InAlN p-type electron blocking layer (EBL) and a polarization self-screened p-type AlGaN EBL 9 have been utilized to replace the conventional p-type AlGaN EBL. 10 Besides the commonly adopted p-type EBLs, hot electrons can be further cooled down by using an InGaN electron cooler layer 11 or a n-type AlGaN EBL. 12 The quantum barriers can also be further optimized by growing thin AlGaInN cap layers to enhance the electron injection efficiency. 13 Nevertheless, thanks to the proposed electron blocking structures, the electron leakage can be significantly suppressed but it cannot be completely eliminated. It is advisable to enhance the hole injection efficiency into the InGaN/GaN multiple quantum wells (MQWs) so that the non-equilibrium electrons can recombine with the injected holes, and the electron leakage rate can be further reduced. 9 For that reason, tremendous effort has thus been made to improve the hole injection efficiency into the MQWs.
Examples of the proposed strategies rely on improving the hole injection capability by properly thinning the quantum barriers, 14,15 by using p-type doped quantum barriers 16 and by employing the multiple interband tunnel junctions to link the tandem MQWs. 17 All these designs target at homogenizing the hole distribution within the active region. However, current LED architectures normally adopt a p-type EBL to reduce the electron leakage, and this inevitably blocks the hole injection due to the valance band offset between the ptype EBL and the p-GaN layer. Therefore, the essence of enhancing the hole injection efficiency is to promote the hole transport across the p-type EBL. 6 In this work, different from the previous reports, we propose and develop a hole accelerator to energize the holes so that the holes obtain kinetic energy to climb over the p-type EBL.
The physical model of the hole accelerator can be elaborated as follows. Those holes having excess energy of E ! maxf0; ð/ EBL À E k Þg (where / EBL is the valance band barrier height between the p-type EBL and p-GaN for holes, E k is the kinetic energy of the holes) are able to travel across the p-EBL. If we assume that the holes in the p-GaN layer follow the Fermi-Dirac [F(E)] distribution, then the probability of finding the holes in the last quantum barrier is
FðEÞ Á PðEÞdE, where P(E) represents the valence band density of states in the p-GaN layer. Thus, P h will be enhanced if ð/ EBL À E k Þ is smaller, which can be realized through reducing / EBL or increasing E k . The / EBL can be reduced by decreasing the AlN composition in the p-type EBL. However, this approach may aggravate the electron leakage rate due to the simultaneous reduction in the conduction band offset between the last quantum barrier and the p-type EBL. Hence, one promising way to reduce ð/ EBL À E k Þ is to make E k higher for holes. Nevertheless, it is also known that
Electronic addresses: EXWSUN@ntu.edu.sg and VOLKAN@ stanfordalumni.org 0003-6951/2014/105(15)/153503/5/$30.00 V C 2014 AIP Publishing LLC 105, 153503-1 mobility, m h * is the effective mass for holes, and E field is the electric field, by which the holes are accelerated/decelerated. 18 Thus, it is unambiguous that one can energize the holes by manipulating the mobility and the electric field. The carrier mobility can be improved by reducing the doping level of the p-GaN layer. However, the hole mobility for p-GaN layer is typically lower than 10 cm 2 /V s, hence there is little room to further increase the hole mobility. Nevertheless, the hole velocity can also be adjusted by varying the electric field profile. As well-known, III-nitride epitaxial films grown along the [0001] (i.e., Cþ) orientation possess a very strong polarization induced electric field. 19 This can be employed to accelerate the holes. Through a hole accelerator, holes can be made more energetic or "hotter." The schematic energy band diagram for the hole accelerator is shown in Fig. 1 , where the hole accelerator comprises two p-GaN layers (L1 and L3) and a p-AlGaN layer (L2). The polarization induced interfaces charges are also represented in Fig. 1 . The holes are injected from layer L1 and reach layer L3 by travelling across layer L2. In order to reduce the hole blocking effect at the interface of layers L1 and L2, the p-AlGaN layer has to be properly thin. Once the holes arrive at layer L3, they will receive the additional energy from the polarization induced electric field in layer L3 and become "hot."
To prove the effectiveness of the hole accelerator in promoting the hole injection efficiency, two LED samples (LEDs A and B) were grown by a metal-organic chemical vapor deposition (MOCVD) system. The growth was initiated on planar C-plane sapphire substrates. A 20 nm thick GaN buffer layer was firstly grown before the 4 lm thick unintentionally n-type GaN (u-GaN) layer. A 2 lm thick Sidoped n-GaN was subsequently grown as the electron injection layer of which the Si doping concentration is 5 Â 10 18 cm À3 with the diluted SiH 4 serving as the dopant precursor. Then, five-period In 0.15 Ga 0.85 N/GaN MQWs were grown with the well thickness and barrier thickness of 3 and 12 nm, respectively. The MQW was capped by a 25 nm thick p-type Al 0.20 Ga 0.80 N EBL. For LED A, a p-GaN of 0.2 lm thickness was grown working as the hole source region. However, LED B differs from LED A in the hole source layer by incorporating the hole accelerator. The hole accelerator was grown directly after the p-type EBL, and the growth details are as follows: a 80 nm thick p-GaN layer was grown first and a thin 3 nm thick p-Al 0.25 Ga 0.75 N layer then followed, which provides the polarization induced interface charges as shown in Fig. 1 and realizes the acceleration effect to holes. It is worth mentioning that we purposely make the p-Al 0.25 Ga 0.75 N layer thin so that the hole blocking effect can be mitigated. Next, another 120 nm p-GaN was grown after the p-Al 0.25 Ga 0.75 N layer in LED B. Here, CP 2 Mg was utilized as the precursor for the p-type dopant. The hole concentration for all the p-type layers here was estimated to 3 Â 10 17 cm À3 by considering a 1% ionization efficiency for Mg dopants at room temperature. Furthermore, both the p-type Al 0.20 Ga 0.80 N and p-type Al 0.25 Ga 0.75 N layers were grown at 100 mbars. Lastly, LEDs A and B were both covered with a 20 nm thick heavily p-type doped (p þ ) GaN layer to facilitate the ohmic contact with metal electrodes.
Electroluminescence (EL) was measured for the grown LED samples by an integrating sphere attached to an Ocean Optics spectrometer (QE65000). The size of the tested LED dies is 1 Â 1 mm 2 with indium bump used as the ohmic contact. The EL spectra at 10, 30, 50, and 70 A/cm 2 are presented in Figs. 2(a) and 2(b) for LEDs A and B, respectively. The peak emission wavelength for the two LEDs is both $455 nm, which reflects that the epitaxial growth of the hole accelerator did not affect the quantum well configuration for LED B. The red shift of the emission wavelength observed as the injected current level increases for both LEDs is attributed to the accumulated junction heat during the electrical operation. 20 Moreover, the EL intensity for LED B is substantially higher than that for LED A only when the current density exceeds 30 A/cm 2 , and the reason of such phenomena will be discussed subsequently.
Along with the EL spectra, the corresponding optical output power density and the external quantum efficiency (EQE) at various injection current levels for LEDs A and B have also been measured and demonstrated in Fig. 3 Since the two LEDs are identical to each other in their electron injection layers, MQWs and the p-type EBL, except the hole accelerator, the electron transport is less likely to be affected in the proposed design. Therefore, the different levels of optical performance shall be attributed to the different hole injection efficiencies of the two LEDs, and an elevated hole injection efficiency is favored by the hole accelerator in LED B. It is worthy of noting that the EQE for LED B is lower than that for LED A when the current density is smaller than $10 A/cm 2 , which can be observed from Figs. 2(a) and 2(b) . The unimproved optical performance for LED B at the low current injection levels (<10 A/cm 2 ) is most likely due to the blocking effect by the p-Al 0.25 Ga 0.75 N layer in the hole accelerator region. Besides the physical model and experimental proof of the hole accelerator in making the holes "hot" and promoting the hole injection across the p-type EBL, it is also essential to numerically reveal and precisely study the physical picture for the functions of the hole accelerator in terms of the energy band profiles and the hole distribution in the MQW region. For this purpose, the numerical computations were conducted by a commercial simulation package of APSYS, 9 while the physical models were properly set by users. Important physical parameters such as the energy band offset ratio of the MQW, Auger recombination coefficient and Shockley-Read-Hall recombination coefficient can be found in our previously published works. [2] [3] [4] [5] 11, 14, 16 Specifically, we assumed a 50/50 energy band offset ratio for the AlGaN/GaN heterostructures in our LEDs. 3 The polarization effect is represented by properly setting the polarization interface charges at each heterojunction. 19 To take into account the crystal relaxation by dislocation generation, we assumed a 40% polarization level in our calculations. [2] [3] [4] [5] 11, 14, 16 The computations treat each heterojunction as a rectangular barrier and both the thermionic emission and thermally assisted intraband tunneling processes are considered when calculating the carrier transport. According to the room-temperature Hall measurement (not shown here) for our grown LED samples, in our computations, we set a constant hole mobility of $5.0 cm 2 /V-s for both the p-GaN and p-AlGaN layers, which have the hole concentration of $3 Â 10 17 cm À3 . We set constant hole mobility, as neglecting the dependence of hole mobility on the magnitude of the electric field will not change our conclusion for III-nitride optoelectronic devices. 21 The computed energy band diagram comprising the p-type Al 0.20 Ga 0.80 N EBL and the partial p-GaN layer for LED A is shown in Fig. 4(a) , while Fig. 4(b) shows the energy band diagram for the p-type Al 0.20 Ga 0.80 N EBL and the hole accelerator for LED B. The energy band of the p-GaN layer is flat for LED A, and hence the holes can only be accelerated by the external electrical bias. However, when a thin p-Al 0.25 Ga 0.75 N layer is embedded into the p-GaN region, the strong polarization effect at the p-Al 0.25 Ga 0.75 N/p-GaN heterojunction significantly bends the energy band such that the holes have an energy difference when entering L3 from L1 (refer to Fig. 1 ). Such a band bending makes the holes more energetic and "hotter" when they reach the p-type Al 0.20 Ga 0.80 N EBL.
To better interpret the hole acceleration effect, we further present the electric field profile of the hole accelerator for LED B in Fig. 4(c) . The electric field profile at the corresponding position for LED A is also included for comparison. The positive direction of the electric field profile in Fig. 4(c) is along the C þ orientation. Hence, the holes will be decelerated when they enter the p-Al 0.25 Ga 0.75 N layer, requiring that the thickness of the p-Al 0.25 Ga 0.75 N layer has to be properly adjusted. However, holes will be accelerated when transporting in the left p-GaN region (i.e., L3 in Fig.  1 ). The net work done to the holes during the whole transportation from L1 to L3 by the electric field can be written as
In this work, for a comparative study, the integration range starts from the interface of the p-type EBL and the neighboring p-GaN and ends at the relative position of 0.72 lm as shown in Fig. 4 , since beyond this range the electric field for LEDs A and B are identical. The integration step (dx) has been properly set through optimizing the mesh distribution in the simulated devices. The calculated results show that W is 0.087 eV and 1.069 eV for LEDs A and B at 100 A/cm 2 , respectively, and this indicates that the holes in LED B will acquire more energy and become more energetic than those in LED A before reaching the p-type EBL. Those more energized holes have a higher probability of climbing over the p-type EBL and entering the MQW region. Note that in LED B, those thermionic emitted holes will lose energy with the amount of the valance band offset between p-Al 0.25 Ga 0.75 N and p-GaN layers (DE v ). However, such energy loss of DE v will be recovered back once the holes transport to the left p-GaN layer (i.e., L3 in Fig. 1 ) from the p-Al 0.25 Ga 0.75 N region. As a result, there is no impact of the valance band discontinuity of DE v on the hole kinetic energy.
The hole concentration profiles for LEDs A and B are also computed and presented in Fig. 5 at 100 A/cm 2 . According to the aforementioned calculations, compared to LED A, holes in LED B will receive more additional energy due to the hole accelerator. The more energetic holes guarantee a smoother and more efficient injection into the quantum wells. As a result, the hole concentration in the quantum wells for LED B is higher than that for LED A, as is shown in Fig. 5 . The uneven hole concentration in different quantum wells can be further homogenized by doping the quantum barriers with proper Mg dosage 16 or properly thinning the quantum barrier thickness. 14, 15 In conclusion, in this work we have proposed and demonstrated a concept of hole accelerator. By using it, the holes will be energized as a result of the polarization induced electric field within the hole accelerator. Those "hot" holes have an enhanced probability of traveling across the p-type electron blocking layer and being more smoothly injected into the active region of a light-emitting diode. The hole accelerator has also been experimentally proven to be very useful in enhancing the optical output power and relieving the efficiency droop for light-emitting diodes. Assisted by the powerful numerical calculation tools, an increased hole concentration has been observed in the quantum wells for the light-emitting diode with the hole accelerator. The hole accelerator holds great promise for achieving high-efficiency solid-state lighting devices. 
